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Abstract
Mitochondrial energy metabolism was studied in isolated pancreatic acinar cells during anoxia up to 90 min and
reoxygenation for 60 min. To identify critical alterations leading to the known postanoxic impairments in structure and
function of acinar cells, adenine nucleotide levels and the rates of phosphorylating and non-phosphorylating respiration were
determined. ATP levels and the total amount of adenine nucleotides strongly decreased as early as after 30 min of anoxia.
The cells partially restored ATP and the total adenine nucleotides within 60 min of reoxygenation. Long-term anoxia caused
an increase in the oligomycin-insensitive part of oxygen consumption. The respiratory capacity measured as uncoupled
respiration progressively declined to 40% of controls after 90 min of anoxia. Fluorescence measurements showed that
flavoproteins and mitochondrial pyridine nucleotides in reoxygenated cells after short-term anoxia were in a more reduced
state than in aerobic controls, and were not fully oxidizable by uncoupling. It is concluded that long-term anoxia produces an
irreversible loss of respiratory capacity leading to a limited ATP production. This functional impairment and the progressive
damage to acinar cells may be relevant for pancreatic injuries such as acute pancreatitis or post-transplantation
pancreatitis. ß 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
Acinar cells represent the major part of the exo-
crine pancreas and are responsible for the synthesis,
modi¢cation and secretion of the digestive zymogens.
The energy demand of this cellular work is mainly
supported by oxidative phosphorylation [1]. It may
be expected from the dependence of the acinar cell
metabolism on mitochondrial function that ischemic
periods strongly a¡ect the structure and function of
these cells. An adenosine triphosphate (ATP) decline
in pancreatic tissue was found in an experimental
model of acute pancreatitis in rats and was discussed
as a factor contributing to the impaired stimulus-se-
cretion-coupling, intrapancreatic activation of zymo-
gens and tissue damage [2].
In contrast to the substantial role of a su⁄cient
energy supply, the susceptibility of pancreatic acinar
cells to the conditions of ischemia/reperfusion has
been poorly investigated. As described for other pa-
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renchymal cells, such as liver and kidney [3^5], the
lack of oxygen a¡ects primarily the mitochondrial
energy metabolism causing a decrease in ATP and
also in total adenine nucleotides and an impaired
cation homeostasis.
Pancreatic ischemia for up to 30 min causes rever-
sible alterations of the high-energy phosphates [6].
The respiratory capacity of acinar cells isolated
from pancreata after such short-term ischemia and
reperfusion was not diminished [7]. Prolonged ische-
mic periods led to a decline in the basal and the
maximal rate of mitochondrial respiration and de-
creased the survival of isolated acinar cells [8]. On
the other hand, the hormone-stimulated enzyme se-
cretion of isolated acinar cells was a¡ected even after
a short-term anoxia of 30 min [9]. These data were
interpreted as a consequence of a reduced cellular
capacity to provide energy for the physiological
work and the maintenance of cell intactness.
In the present work, the alterations in the cellular
energy metabolism were investigated during various
periods of anoxia and reoxygenation. ATP levels, the
rates of respiration, including the non-phosphorylat-
ing and phosphorylating parts, and the redox states
of £avoproteins and mitochondrial pyridine nucleo-
tides were measured to characterize early disturban-
ces in the mitochondrial energy metabolism and the
potential to overcome the restrictions in cellular me-
tabolism.
2. Materials and methods
2.1. Preparation of acinar cells
Pancreatic acinar cells were isolated from female
Wistar rats weighing 140 to 180 g with a collagenase
digestion technique according to Amsterdam and Ja-
mieson [10]. The cells were resuspended in Krebs^
Ringer bicarbonate (KRB) medium consisting of
140 mM NaCl, 2.8 mM KCl, 0.8 mM Na2HPO4,
0.85 mM MgCl2, 2.25 mM CaCl2, 25 mM NaHCO3,
10 mM glucose, 2 mM L-glutamine, 0.5% antibiotic
solution and an essential amino acids supplement,
adjusted to pH 7.4, and gassed with 95% O2/5%
CO2. The suspension was adjusted to approximately
2U106 cells/ml. Cell viability was estimated by try-
pan blue exclusion. Cell suspensions with a content
of at least of 90% trypan blue negative cells were
used in the experiments.
2.2. Incubation of cells
For aerobic incubations, the cell suspensions were
gassed with 95% O2/5% CO2 and incubated at 37‡C
in a water bath. Anaerobic incubations were per-
formed under 95% N2/5% CO2. It was checked in
separate oxygraphic experiments that remaining
traces of oxygen were utilized by the cells within
5 min. Postanoxically, the cell suspensions were care-
fully gassed with 95% O2/5% CO2.
2.3. Determination of adenine nucleotides and
metabolites
For measurements, supernatants of samples
treated with perchloric acid (¢nal concentration
1.04 M) were neutralized by KOH/Hepes (2 M/
0.3 M). Reverse-phase high-performance liquid chro-
matography according to Noack et al. [11] was ap-
plied using a 250U4 mm column packed with 5-Wm
RP18 Si particles (Merck, Darmstadt, Germany) and
a UV-detection device at 254 nm. Nucleotides, nu-
cleosides and purine metabolites were eluted with
0.2 M KH2PO4 (pH 5.95) at a £ow rate of 0.8 ml/
min by a successive change at 5 min without, 6 min
with 4%, 6 min with 12%, 5 min with 20% and 7 min
without methanol, respectively.
In some supernatants, the ATP was additionally
determined in a Luminometer 1253 (Bio-Orbit, Oy,
Finland) using ATP-bioluminescence CLS-kits
(Boehringer, Mannheim, Germany).
2.4. Measurement of oxygen consumption
Acinar cell respiration was determined in a ther-
mostated oxygraph respirometer CU (Anton Paar,
Graz, Austria) at 37‡C. In order to accurately record
the stationary states of respiration which were
reached in response to the added e¡ectors, the respi-
ration velocity was simultaneously registered as ¢rst
derivative. These data were analyzed with DatGraf
2.0 software (Cyclobios, Innsbruck, Austria). After
registering the basal respiration, oligomycin (¢nal
concentration 2.5 WM) was added into the oxy-
graphic chamber to measure the oligomycin-insensi-
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tive part. After that, 0.5 WM FCCP was added step-
wise to obtain the maximum rate of respiration.
2.5. Flow-cytometric determination of £avoprotein
£uorescence
The £uorescence data were recorded using the
FACSort £ow cytometer (Becton^Dickinson) at 488
nm/530 nm. Preliminary studies were performed to
optimize the threshold and gain settings on forward
and side scatter. The total events measured were
¢xed at 104. To register the £uorescence, acinar cells
were incubated under aerobic conditions and
counted in the £ow cytometer depending on their
auto£uorescence. The anoxically incubated samples
were counted after 10 min of reoxygenation. The
mean £uorescence intensity of untreated cells repre-
sents the basal state of the £avoprotein reduction.
The fully oxidized state and the fully reduced state
were produced with uncoupler 5 WM FCCP and with
5 mM KCN, respectively. The data were analyzed
using the CELLQuest software for Macintosh. The
particular geometric means were used to assess the
redox state of £avoproteins. The span between the
fully oxidized and the fully reduced state was consid-
ered to correspond to the total amount of the £uo-
rochrome.
2.6. Redox state of NAD(P)H
The auto£uorescence of pyridine nucleotides was
measured with a luminescence spectrometer LS50B
(Perkin Elmer, Uº berlingen, Germany) at 340 nm/
450 nm.
2.7. Statistics
Results are expressed as means þ S.D. Statistical
signi¢cance was calculated by Student’s t-test using
SPSS for Windows. Levels of signi¢cance are indi-
cated in Fig. 3 with 1, 2, or 3 asterisks for P6 0.05,
P6 0.01, or P6 0.001, respectively.
2.8. Chemicals
FCCP and adenine nucleotides were obtained from
Boehringer, oligomycin, collagenase and antibiotic
solution (10 mg streptomycin and 25 Wg amphoter-
icin B per ml in 0.9% sodium chloride) from Sigma
(Deisenhofen, Germany). All other chemicals were of
analytical grade.
3. Results
3.1. Adenine nucleotides and their metabolites
Under saturating concentrations of oxygen, iso-
lated acinar cells build up ATP levels amounting to
more than 90% of the total amount of adenine nu-
cleotides (Table 1). Within 120 min of control incu-
bation, the ATP level did not signi¢cantly change.
During 30 min of anoxia, the ATP fell to less than
25% of the control value. In this period, the total
adenine nucleotide pool also decreased to a compa-
rable extent. The extension of anoxia up to 90 min
caused a further decrease in the amount of ATP and
adenine nucleotides. After anoxic periods the cells
were reoxygenated and incubated aerobically for a
Table 1
Adenine nucleotides of acinar cells during and after anoxia
Time (min) ATP ADP AMP AdN
Control 0 6.36 þ 0.13 0.36 þ 0.03 0.23 þ 0.02 6.95 þ 0.10
Control 120 6.40 þ 0.21 1.07 þ 0.06 0.16 þ 0.01 7.63 þ 0.20
Anoxia 30 1.35 þ 0.77a 0.24 þ 0.06 0.02 þ 0.01 1.61 þ 0.83a
Reoxygenation 60 3.34 þ 0.89d 0.77 þ 0.06 0.02 þ 0.01 4.13 þ 0.56d
Anoxia 60 0.82 þ 0.40c 0.36 þ 0.17 0.03 þ 0.01 1.22 þ 0.25b
Reoxygenation 60 1.97 þ 0.57 1.07 þ 0.34 0.02 þ 0.01 3.06 þ 0.42
Anoxia 90 0.16 þ 0.02c 0.31 þ 0.10 0.03 þ 0.02 0.50 þ 0.13c
Reoxygenation 60 0.61 þ 0.31 0.61 þ 0.28 0.01 þ 0.00 1.22 þ 0.67
Adenine nucleotides of the aerobic control, the anaerobic samples and after 60 min of reoxygenation are shown (n = 4). AdN corre-
sponds to the sum of ATP, ADP, and AMP. Values are nmol/106 cells þ S.D.
Signi¢cance: aP6 0.05, bP6 0.01, cP6 0.001 vs. control at t = 0; dP6 0.05 vs. anoxic sample at t = 0.
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further 60 min. A restoration of ATP in the reoxy-
genated cells was found after anoxia of 30, 60 or
90 min; measuring this nucleotide by HPLC, as
shown in Table 1, gave the same results as the in-
dependent luciferase assay (data not shown). In all
time periods, the pool size of adenine nucleotides
paralleled the changes to ATP. This indicates that
adenine nucleotides, most probably AMP, were me-
tabolized to nucleosides and purine metabolites in
the anoxic period, and salvage reactions or a de
novo synthesis of purines took place in the reoxyge-
nation period.
The method used to quantify adenine nucleotides
by HPLC enabled us to determine other purine me-
tabolites in one run. Data given in Table 2 indicate
that under anoxic conditions the dephosphorylated
adenine nucleotides can be recovered as purine me-
tabolites, mainly as hypoxanthine. In the reoxygena-
tion period, xanthine and uric acid concentrations
increased, whereas the amount of hypoxanthine par-
tially decreased. These changes probably re£ect the
action of xanthine oxidase in the presence of oxygen.
Except after 90 min of anoxia, in all reoxygenation
periods the total sum of purines increased, indicating
a capacity for a de novo synthesis of purines in aci-
nar cells. Such de novo synthesis of purine accompa-
nied by an immediate breakdown to hypoxanthine,
xanthine and uric acid was also found during the 120
min aerobic control incubation.
3.2. Respiration
The experimental approach of the measurements
of respiration is demonstrated in Fig. 1. The basal
rate, the oligomycin-inhibited rate and the uncoupled
rate were obtained within one run. The addition of
oligomycin to the cells respiring in the basal state
produced a considerable decrease in respiration indi-
cating that about 60^70% of the basal rate are oli-
gomycin-insensitive. After addition of the uncoupler
the respiration increased about 3.5- to 4.5-fold in
relation to the basal rate and about 5.5- to 6.5-fold
Fig. 1. E¡ects of oligomycin and an uncoupler to the respira-
tion rate of pancreatic acinar cells. Trace A represents the O2-
content of the suspension vs. time. The calculated respiration
rate (RR, trace B) corresponds to the slope of trace A. The
basal respiration represents the state of untreated cells. After
addition of 2.5 WM oligomycin, which blocks the ATP turn-
over, the resulting rate represents the oligomycin-insensitive res-
piration. After stepwise addition of 0.5 WM FCCP, the respira-
tion increases to higher values. The maximal rate was
considered as respiration capacity.
Table 2
Adenine metabolites of acinar cells during and after anoxia
Time (min) Adenosine Inosine Adenine Hypoxanthine Xanthine Uric acid
Control 0 0.05 þ 0.02 0.02 þ 0.01 0.11 þ 0.02 0.06 þ 0.01 0.11 þ 0.05 0.86 þ 0.32
Control 120 0.02 þ 0.01 0.28 þ 0.09 1.05 þ 0.30 0.94 þ 0.44a 1.95 þ 0.23a 1.68 þ 0.77
Anoxia 30 0.13 þ 0.01 0.50 þ 0.17 1.42 þ 0.46 3.10 þ 1.05a 1.09 þ 0.27a 0.74 þ 0.26
Reoxygenation 60 0.04 þ 0.02 0.96 þ 0.24 0.64 þ 0.23 2.29 þ 1.03 2.15 þ 0.62 2.45 þ 0.61
Anoxia 60 0.03 þ 0.01 0.31 þ 0.02 0.48 þ 0.13 4.23 þ 1.83 1.63 þ 0.60a 0.94 þ 0.53
Reoxygenation 60 0.06 þ 0.02 2.26 þ 0.18 0.25 þ 0.05 2.79 þ 0.62 3.09 þ 0.73 1.57 þ 0.26
Anoxia 90 0.02 þ 0.01 0.19 þ 0.09 0.49 þ 0.28 1.82 þ 0.89 1.04 þ 0.27a 0.86 þ 0.17
Reoxygenation 60 0.03 þ 0.01 0.16 þ 0.01 0.66 þ 0.41 2.07 þ 0.80 1.62 þ 0.69 1.25 þ 0.39
Adenylate metabolites of the aerobic control, the anaerobic samples and after 60 min of reoxygenation are shown (n = 4). IMP was
not detectable in the samples. Values are nmol/106 cells þ S.D.
Signi¢cance: aP6 0.05 vs. control at t = 0.
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in relation to the oligomycin-insensitive oxygen con-
sumption. The maximal rate of respiration which
could be reached by uncoupling represents the total
respiratory capacity of the acinar cells respiring with
the substrates glucose and glutamine which were
present in the incubation medium.
Using this assay, postanoxic respiration rates were
measured immediately after anoxia and after 60 min
of reoxygenation, and are expressed as percentage of
the initial basal respiration of the normoxic control.
Table 3 shows the in£uence of anoxia on the basal,
the non-phosphorylating respiration and the total
respiratory capacity. The latter rates were obtained
by adding oligomycin and by adding uncoupler, re-
spectively (cf. Fig. 1). The basal respiration signi¢-
cantly declined after short-term anoxia (30 min).
However, this change did not concern the oligomy-
cin-insensitive respiration. While extending the an-
oxic period to 60 or 90 min, an increase in both
the basal respiration and oligomycin-insensitive res-
piration were observed immediately after reoxygena-
tion. With prolonged anoxic time (v 60 min), the
oligomycin-insensitive part increased, causing the
basal respiration to consist more and more of the
non-phosphorylating part of respiration. The oligo-
mycin-sensitive part of respiration gradually declined
with the anoxic time, and was undetectable after
90 min of anoxia. A signi¢cant restoration of the
phosphorylating respiration by reoxygenation was
only observed after short-term anoxia. The respira-
tory capacity which can be measured immediately
after anoxia gradually declined depending on the du-
ration of anoxia. It amounted to about 35% after
90 min of anoxia. The capability to maintain or to
restore a high capacity of respiration during the post-
anoxic incubation also strongly declined with the du-
ration of anoxia. Whereas acinar cells which were
anoxically incubated for 30 min were able to respire
with a rate comparable to the control, this capacity
amounted to 25%, only after 90 min of anoxia fol-
lowed by 60 min of aerobic incubation. At this time,
the total respiratory capacity did not signi¢cantly
exceed the basal rate. On the other hand, this implies
a rather unchanged basal energy turnover.
3.3. Redox state of mitochondrial £avoproteins and
pyridine nucleotides
The most characteristic alteration concerned the
diminished respiratory capacity of acinar cells in
the reoxygenation (cf. Table 3). Hypothetically, this
decline in the maximal rate of respiration may be due
to an inhibition or a decreased supply of the respi-
ratory chain with reducing equivalents. The determi-
Fig. 2. Auto£uorescence changes of £avoproteins in pancreatic
acinar cells recorded by £ow cytometry. (A) Forward- vs. side-
scatter plot of the cell suspension. The analyzed cells are
marked by the gate. (B) Distribution of £avoprotein £uores-
cence for the basal state (black), fully oxidized state (5 WM
FCCP; grey) and fully reduced state (5 mM KCN; dark grey).
Fbasal, FFCCP and FKCN correspond to the geometric means of
these peaks. RS refers to the total span between the fully oxi-
dized and the fully reduced state.
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nation of the redox state of mitochondrial redox
components should allow us to further characterize
the mitochondrial injury. Fig. 2 demonstrates the
experimental procedure to determine redox states
by £ow-cytometric analysis of acinar cell auto£uo-
rescence. Fig. 2A shows the selection of the analyzed
cells within the marked gate excluding cell debris and
the major part of cell aggregates. In Fig. 2B the
£uorescence distribution of acinar cells excited at
488 nm is given. As shown for other cell types, £uo-
rescence light emitted at 530 nm re£ects the £avopro-
tein auto£uorescence [12]. The identi¢cation as £avo-
protein £uorescence is further supported by the
observed shift of £uorescence to higher channels if
the £uorochromes were oxidized by uncoupling. Vice
versa, an inhibition of the respiratory chain by cya-
nide shifted the £uorescence to a lower value, indi-
cating a stronger reduced state. The basal £uores-
cence and the £uorescence levels in the fully
oxidized state and in the fully reduced state were
subsequently determined using this approach to eval-
uate the basal redox state of acinar cell suspensions.
It was found that within 2 min after the addition of
FCCP the £uorescence reached maximal values
which were constant for at least 10 min. Also, the
addition of cyanide immediately shifted the £uores-
cence to stable minimal values. The total span be-
tween the fully oxidized and the reduced state corre-
sponds to the total yield of redox-active £avins of the
acinar cell sample. On the other hand, the basal £uo-
rescence can be related to this span in order to cal-
culate a relative degree of reduction. A reduction
state of 63% resulted for the cells shown in Fig. 2.
Results in the postanoxic acinar cells are given in
Fig. 3. The measurements were performed within
10 min after reoxygenation, and, therefore, the data
are directly comparable to those of the adenine nu-
cleotides (Tables 1 and 2) and respiration (Table 3).
Two major alterations caused by anoxia were ob-
served. Compared to the aerobic controls, short-
term anoxia (30 min) provoked a more reduced state
Fig. 3. In£uence of anoxia on the £avoprotein £uorescence. As
depicted in Fig. 2, the acinar cells were counted at 0 and
120 min for aerobic control, and after 30, 60 and 90 min of an-
oxia. The corresponding geometric means of the £uorescence
(channel) were recorded in the basal (F), fully oxidized (b), and
fully reduced state (S). The columns represent the span be-
tween the fully oxidized and the fully reduced state (RS). Sig-
ni¢cance: * refers to signi¢cance of the redox span (RS) vs.
control, + refers to signi¢cance of the state of reduction vs.
control ; n = 4.
Table 3
Rates of respiration in the postanoxic period after various times of anoxia
Time (min) Control and after anoxia (% of control) 60 min reoxygenation (% of control)
basal OM-insensitive maximal rate basal OM-insensitive maximal rate
Control 0 100 67 þ 6 415 þ 46
Anoxia 30 81 þ 9b 69 þ 9 318 þ 53a 100 þ 16d 72 þ 13 364 þ 55
60 102 þ 22 94 þ 20b 226 þ 66c 61 þ 9e 53 þ 5e 172 þ 42e
90 127 þ 14a 127 þ 14c 147 þ 31c 112 þ 16 105 þ 19 109 þ 44
Control 120 90 þ 7 63 þ 7 364 þ 49
The basal respiration, the oligomycin (OM)-insensitive respiration and the maximal respiration of controls, immediately after 30, 60
and 90 min of anoxia and after 60 min of reoxygenation are shown. All values are related to the basal respiration of control at zero
time amounting to (8.9 þ 1.8) nmol O2/(minW106 cells).
Signi¢cance (n = 7): aP6 0.05, bP6 0.01, cP6 0.001 vs. control; dP6 0.01, eP6 0.001 vs. samples after anoxia.
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of the present £avoproteins (76% vs. 63%, P6 0.01).
Furthermore, the ability to reach the fully oxidized
state by uncoupling gradually declined. Extension of
the anoxic period up to 90 min further strengthened
these alterations. The higher degree of reduction of
acinar cell £avoproteins after short-term anoxia, to-
gether with the inability to fully oxidize these £uo-
rochromes by uncoupling, suggests that the de-
creased capacity of mitochondrial respiration is due
rather to an inhibition of the respiratory chain than
to a diminished supply of reducing equivalents.
Mitochondrial £avoproteins, especially the K-lipo-
amide dehydrogenase which is mainly registered with
the emission ¢lter used of 530 þ 15 nm [12], is in close
equilibrium with the mitochondrial (NADH/NAD)
pool [13,14]. Therefore, interpretation of redox
changes of this £avoprotein must be discussed in
the context of redox changes of this pyridine nucleo-
tide pool. Fig. 4 shows £uorometric traces of control
and postanoxic acinar cells. Although the basal £uo-
rescence of the 30-min anoxic sample tended to ex-
hibit a more reduced state, basal £uorescence levels
were not signi¢cantly di¡erent between the samples.
Furthermore, £uorescence ranges between the fully
oxidized and the fully reduced state could be calcu-
lated. After 30 min, 60 min, and 90 min of anoxia
this span gradually declined to 81%, 75%, and 61%
of the control, respectively, and paralleled the de-
crease of the redox span of £avoproteins.
4. Discussion
The function of exocrine pancreatic acinar cells
strongly depends on mitochondrial energy metabo-
lism [15]. In the present study, therefore, the aerobic
energy metabolism was characterized via energetic
potentials (phosphorylation state of adenine nucleo-
tides, redox state of pyridine nucleotides and £avo-
proteins) and £ux rates (respiration) during anoxia
and reoxygenation. ATP levels of anoxic acinar cells
declined more rapidly than those found for hepato-
cytes by other authors [3], possibly due to a limited
capacity of glycolytic ATP production [15]. The total
amount of adenine nucleotides was diminished after
anoxia to a comparable extent. The ATP and ad-
enine nucleotides were only partially restored during
the 60-min postanoxic reoxygenation. Such long-last-
ing restrictions in the cellular energy turnover were
also described for postanoxic hepatocytes, and were
discussed to be due to kinetic limitations of enzymes
involved in the adenine nucleotide metabolism [16].
Our data show that there is a net synthesis of
purines in acinar cells under aerobic conditions.
Under control conditions the adenine nucleotide
pool is preserved and newly synthesized purines are
mainly metabolized to xanthine and uric acid. Anox-
ia causes (i) the stop of synthesis by the shortage of
energy and (ii) an accumulation of hypoxanthine
which cannot be further oxidized by xanthine oxi-
dase. Salvage pathways for purine metabolites do
not dominate during reoxygenation because purines
which accumulate during anoxia (adenine, hypoxan-
thine) are metabolized to the oxidized products.
These may be lost from the cell.
Because mitochondria are a preferred target of
metabolic impairments caused by anoxia [17,18],
rates of respiration were measured in detail to iden-
tify restrictions of the aerobic ATP supply. Two ma-
jor alterations were found in the mitochondrial res-
piration of reoxygenated acinar cells. On the one
hand, the portion of respiration which is not linked
to phosphorylation increased at the expense of the
phosphorylating respiration. This increase in the
Fig. 4. In£uence of anoxia on the pyridine nucleotide £uores-
cence. The measured £uorescence of the pyridine nucleotides of
control and immediately after 30, 60 and 90 min of anoxia is
shown. The oxidized state was produced with 10 WM TTFB
after measuring the basal state. The reduced state was produced
with 5 mM KCN. A representative experiment of a total of
three measurements is given.
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non-phosphorylating part of respiration may be due
to a utilization of the mitochondrial membrane po-
tential to maintain or re-establish the mitochondrial
cation homeostasis. This e¡ect was fully reversible
during reoxygenation if the anoxic period did not
exceed 30 min. In the reoxygenation period after
long-term anoxia, an increased permeability for cat-
ions (e.g., protons) of the mitochondrial inner mem-
brane due to oxidative stress may additionally cause
the enhanced non-phosphorylating respiration. On
the other hand, the respiration-linked ATP forma-
tion was strongly a¡ected by the progressively dimin-
ished capacity of mitochondrial oxygen consump-
tion. The data of the redox states of £avoproteins
indicate that higher degrees of reduction resulted
for the £uorochromes in the reoxygenation period
after short-term anoxia. This observation further
supports the hypothesis that the decreased capacity
of respiration is due to a reduced £ux through the
respiratory chain. An inhibition of the ATP synthase,
as discussed by Aw et al. [19], or the diminished
adenine nucleotide pool may not cause the decrease
in respiration because uncoupling did not fully re-
store the oxygen consumption or the £avoprotein
oxidation. Extending the anoxic period to 60 and
90 min, redox active £avoproteins and pyridine nu-
cleotides were not fully oxidizable by uncoupling.
This was paralleled by a shift to a more oxidized
state of these redox components. This may be due
to a progressive loss of mitochondrial constituents
resulting from a non-speci¢c mitochondrial damage
by swelling or the onset of the mitochondria perme-
ability transition. Mitochondria permeability transi-
tion was described for various types of cells under-
going ischemia/reperfusion (for a review see Ref.
[20]).
Although the present experiments do not allow to
de¢nitively distinguish between the alternatives of a
permanent inhibition of mitochondrial enzymes or a
loss of redox-active components, our data show that
in the time-course of a cellular oxygen de¢ciency
(ischemia, hypoxia, anoxia), the oxidative energy me-
tabolism of pancreatic acinar cells is able to tolerate
a short-term warm ischemia without considerable ir-
reversible restrictions in ATP production. After long-
term ischemic episodes (s 60 min), the capacity of
mitochondrial ATP formation progressively declines.
In this period, the cellular integrity becomes injured,
and perforations of the plasma membrane lead to the
loss of cellular constituents. Because the capacity of
cellular repair mechanisms is limited by the shortage
of ATP, this results in progressive damage to the
acinar cells. These cellular events in addition to the
postischemic leukocyte adhesion and activation may
cause damage to exocrine pancreatic tissue leading to
acute pancreatitis [21]. Ischemia/reperfusion-linked
tissue injury determines the outcome of the pancreas
after transplantation [22,23]. Evaluating the possible
role of ischemia for acute pancreatic injury, it should
be considered that numerous noxae which addition-
ally exhaust the cellular energetic potential intensify
the impairment of pancreatic tissue [24^27].
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